A problem in understanding eukaryotic DNA mismatch repair (MMR) mechanisms is linking insights into MMR mechanisms from genetics and cell-biology studies with those from biochemical studies of MMR proteins and reconstituted MMR reactions. This type of analysis has proven difficult because reconstitution approaches have been most successful for human MMR whereas analysis of MMR in vivo has been most advanced in the yeast Saccharomyces cerevisiae. Here, we describe the reconstitution of MMR reactions using purified S. cerevisiae proteins and mispaircontaining DNA substrates. A mixture of MutS homolog 2 (Msh2)-MutS homolog 6, Exonuclease 1, replication protein A, replication factor C-Δ1N, proliferating cell nuclear antigen and DNA polymerase δ was found to repair substrates containing TG, CC, +1 (+T), +2 (+GC), and +4 (+ACGA) mispairs and either a 5′ or 3′ strand interruption with different efficiencies. The Msh2-MutS homolog 3 mispair recognition protein could substitute for the Msh2-Msh6 mispair recognition protein and showed a different specificity of repair of the different mispairs whereas addition of MutL homolog 1-postmeiotic segregation 1 had no affect on MMR. Repair was catalytic, with as many as 11 substrates repaired per molecule of Exo1. Repair of the substrates containing either a 5′ or 3′ strand interruption occurred by mispair binding-dependent 5′ excision and subsequent resynthesis with excision tracts of up to ∼2.9 kb occurring during the repair of the substrate with a 3′ strand interruption. The availability of this reconstituted MMR reaction now makes possible detailed biochemical studies of the wealth of mutations identified that affect S. cerevisiae MMR.
D
NA mismatch repair (MMR) is a critical DNA repair pathway that is coupled to DNA replication in eukaryotes where it corrects misincorporation errors made during DNA replication (1) (2) (3) (4) (5) (6) (7) (8) (9) . This pathway prevents mutations and acts to prevent the development of cancer (10, 11) . MMR also contributes to gene conversion by repairing mispaired bases that occur during the formation of recombination intermediates (3, 4, 12) . Finally, MMR acts to suppress recombination between divergent but homologous DNA sequences, thereby preventing the formation of genome rearrangements that can result from nonallelic homologous recombination (4, (13) (14) (15) .
Our knowledge of the mechanism of eukaryotic MMR comes from several general lines of investigation (3) (4) (5) (6) (7) (8) (9) . Studies of bacterial MMR have provided a basic mechanistic framework for comparative studies (5) . Genetic and cell-biology studies, primarily in Saccharomyces cerevisiae, have identified eukaryotic MMR genes, provided models for how their gene products define MMR pathways, and elucidated some of the details of how MMR pathways interact with replication (1) (2) (3) (4) . Reconstitution studies, primarily in human systems, have identified some of the catalytic features of eukaryotic MMR (7-9, 16, 17) . Biochemical and structural studies of S. cerevisiae and human MMR proteins have provided information about the function of individual MMR proteins (6-9).
In eukaryotic MMR, mispairs are bound by MutS homolog 2 (Msh2)-MutS homolog 6 (Msh6) and Msh2-MutS homolog 3 (Msh3), two partially redundant complexes of MutS-related proteins (3, 4, 18, 19) . These complexes recruit a MutL-related complex, called MutL homoloh 1 (Mlh1)-postmeiotic segregation 1 (Pms1) in S. cerevisiae and Mlh1-postmeiotic segregation 2 (Pms2) in human and mouse (3, 4, (20) (21) (22) (23) . The Mlh1-Pms1/ Pms2 complex has an endonuclease activity suggested to play a role in the initiation of the excision step of MMR (24, 25) . Downstream of mismatch recognition is a mispair excision step that can be catalyzed by Exonuclease 1 (Exo1) (26) (27) (28) ; however, defects in both S. cerevisiae and mouse Exo1 result in only a partial MMR deficiency, suggesting the existence of additional excision mechanisms (26, 27, 29) . DNA polymerase δ, the singlestrand DNA binding protein replication protein A (RPA), the sliding clamp proliferating cell nuclear antigen (PCNA), and the clamp loader replication factor C (RFC) are also required for MMR at different steps, including activation of Mlh1-Pms1/Pms2, stimulation of Exo1, potentially in Exo1-independent mispair excision, and in the gap-filling resynthesis steps of MMR (3, 16, 17, 24, 27, (30) (31) (32) (33) (34) (35) (36) . Although much is known about these core MMR proteins, it is not well understood how eukaryotic MMR is coupled to DNA replication (1, 2) , how excision is targeted to the newly replicated strand (1, 25, (37) (38) (39) , or how different MMR mechanisms such as Exo1-dependent and -independent subpathways are selected or how many such subpathways exist (1, 24, 27, 29) .
S. cerevisiae has provided a number of tools for studying MMR, including forward genetic screens for mutations affecting MMR, including dominant and separation-of-function mutations, the ability to evaluate structure-based mutations in vivo,
Significance
This study demonstrates mismatch repair (MMR) reactions reconstituted in vitro with purified Saccharomyces cerevisiae proteins. Biochemical analysis of MMR in vitro showed that MMR required mispair binding by the MutS homolog 2-MutS homolog 6 complex and corresponded to the Exonuclease 1-dependent subpathway of MMR. The reactions observed involved the formation of long excision tracts whose length was consistent with the length of MMR-dependent gene conversion tracts in vivo. The availability of this reconstituted MMR reaction now allows the wealth of mutations affecting MMR generated from the genetic analysis of S. cerevisiae MMR mechanisms in vivo to be used in biochemical reconstitution studies whose ultimate goal is to reconstitute MMR linked to both DNA replication and recombination.
cell biological tools for visualizing and analyzing MMR proteins in vivo, and overproduction of individual MMR proteins for biochemical analysis. However, linking these tools with biochemical systems that catalyze MMR reactions in vitro for mechanistic studies has not yet been possible. Here, we describe the development of MMR reactions reconstituted using purified proteins for the analysis of MMR mechanisms.
Results

MMR Is
Catalyzed in Vitro by Purified S. cerevisiae Proteins. In the studies described here, we used a series of circular phagemidbased mispair-containing substrates that allow detection of MMR directed by a strand interruption called a nick. These substrates contained TG, CC, +1 (+T), +2 (+GC), or +4 (+ACGA) mispairs that disrupted a restriction endonuclease cleavage site on the continuous strand, which was restored upon MMR-mediated excision and resynthesis of the nicked strand (Fig. 1A) . A nick was present either at an NaeI site 343 bp 5′ to the mispair or at an AflIII site 442 bp 3′ to the mispair (Fig. 1B) ; these nicks are further from the mispair than those used in human MMR reactions that were 128 bp 5′ and 141 bp 3′ from the mispair, respectively. Repair of the nicked strand was detected by cleavage with the restriction endonuclease whose recognition sequence in the continuous strand was restored at the mispair site and ScaI to produce a diagnostic pair of 1.1-kb and 1.8-kb fragments. We also constructed a homoduplex control substrate with the sequence of pRDK1252 (Fig. 1A) and a 5′ nick at the NaeI site.
It was possible to observe a repair reaction with substrates containing either a strand interruption at the NaeI site (5′ nick) or a strand interruption at the AflIII site (3′ nick) with a +1 insertion mispair (+T) in the nicked strand catalyzed by a combination of Msh2-Msh6, Mlh1-Pms1, Exo1, RPA, RFC-Δ1N (a form of RFC containing an N-terminal truncation of subunit 1), PCNA, and DNA polymerase δ (Fig. 1 C and D) . Robust repair of the AflIII substrate required fourfold greater amounts of Exo1 than repair of the NaeI substrate. The reaction was linear for up to 3 h (NaeI substrate) or 4 h (AflIII substrate), resulting in repair of as much as 85% of the substrate. Omission of Msh2-Msh6 markedly reduced the fraction of substrate repaired (Fig.  1C) . The residual repair in the absence of Msh2-Msh6 was likely due to Exo1 as omission of Exo1 completely eliminated repair (Fig. 1D) .
To further evaluate the requirement for Msh2-Msh6, the ability of two different mutant Msh2-Msh6 proteins to substitute for the wild-type complex in the repair of the NaeI +T mispair substrate was evaluated (Fig. 2) . The mutant Msh2-Msh6 complex containing the Msh6-F337A substitution that eliminates mispair recognition (40) did not support repair, demonstrating that mispair recognition was required for repair. In contrast, the mutant Msh2-Msh6 complex containing a deletion of Msh6 residues 2 through 251 that eliminates the Msh6 PCNA interacting site but is proficient for mispair binding (41) fully supported repair; this lack of a defect is consistent with studies showing that mutant human Msh2-Msh6 complexes lacking the ability of Msh6 to interact with PCNA could fully (42) or partially (43) complement the in vitro MMR defect of extracts of Msh6-defective HCT15 cells. This lack of a defect indicates that the Msh2-Msh6-PCNA interaction is not required for MMR in vitro and that the requirement for PCNA demonstrated below likely reflects a role for PCNA at the gap-filling step of MMR.
By omitting individual proteins, it was found that repair of both the NaeI and AflIII +1 (+T) mispair substrates required Msh2-Msh6, Exo1, RFC-Δ1N, PCNA, and DNA polymerase δ, (Fig. 3 A and B) whereas omission of RPA caused a partial repair defect (Fig. 3B ). Msh2-Msh3 was able to substitute for Msh2-Msh6 (Fig. 3A) , consistent with genetic results indicating that both Msh2-Msh6 and Msh2-Msh3 can function in the repair of single-base insertion/deletion mispairs in vivo (18, 44) . Native RFC could substitute for RFC-Δ1N (Fig. 3B ). Mlh1-Pms1 was not required for repair of either substrate (Fig. 3A) , even though our Mlh1-Pms1 preparations have RFC-PCNA-stimulated endonuclease activity (45) . The lack of an Mlh1-Pms1 requirement is consistent with the fact that both substrates are repaired by a 5′ excision reaction (see The NaeI and AflIII Substrates Are Repaired by Short and Long Patch 5′ to 3′ Excision Repair, Respectively). In both sets of experiments in which RFC-Δ1N, PCNA, or DNA polymerase δ were omitted, there was a diffuse region of what appeared to be degraded DNA migrating faster than the 2.9-kb ScaI linearized substrate. This affect was more evident in the reactions with the AflIII substrates where also visible was a small amount of a DNA species that migrated at the position of singlestranded circular pRDK1252 DNA (* in Fig. 3B , Lower). These excision products will be discussed under The NaeI and AflIII Substrates Are Repaired by Short and Long Patch 5′ to 3′ Excision Repair, Respectively.
Substrates containing +1 (+T), +2 (+GC), or +4 (+ACGA) insertion mispairs or TG or CC mispairs and a nick at the NaeI site were tested in repair reactions containing either Msh2-Msh6 or Msh2-Msh3 (Fig. 4) . All five substrates were efficiently repaired in both the Msh2-Msh6-and Msh2-Msh3-containing reactions although there were small but measurable differences in the efficiency of repair. In the Msh2-Msh6 reaction, the +1 and TG substrates were repaired at close to the same levels and to a modestly greater extent than repair of the +2, +4, and CC substrates. In contrast, in the Msh2-Msh3 reactions, the +2 and +4 substrates were repaired to a modestly greater extent than the +1, TG, and CC substrates. These results are consistent with the results of analysis of MMR in vivo indicating that Msh2-Msh6 repairs insertion mispairs with a preference for +1 versus +2 and +4 mispairs and repairs base:base mispairs with CC mispairs being less well repaired whereas Msh2-Msh3 repairs insertion/ deletion mispairs with a preference for +2 and +4 versus +1 mispairs and inefficiently repairs base:base mispairs with a preference for CC mispairs versus TG mispairs (18, 44, 46) .
The NaeI and AflIII Substrates Are Repaired by Short and Long Patch 5′ to 3′ Excision Repair, Respectively. In the experiments with the +1 (+T) mispair substrates in which individual proteins were omitted (Fig. 3) , in the absence of Msh2-Msh6 or Exo1, the ScaI-digested DNA was present as the full-length linear DNA species whereas, in the absence of RPA, and to an even greater extent in the absence of RFC, PCNA, or DNA polymerase δ, less of the DNA was present as the full-length linear species and there was a smear of more rapidly migrating DNA species suggestive of excision products formed in the absence of DNA repair synthesis. To further analyze this excision, reactions with the +1 (+T) mispair substrates lacking DNA polymerase δ with or without Msh2-Msh6 were performed for different times and analyzed by agarose gel electrophoresis without digestion of the DNA with a restriction endonuclease (Fig. 5A ). For both the NaeI substrate and the AflIII substrate, there was a time-dependent conversion of the substrate to species that migrated more rapidly than the substrate DNA. With each substrate, the presence of Msh2-Msh6 resulted in conversion of the substrate to more of the rapidly migrating species than in the absence of Msh2-Msh6. In the case of the NaeI substrate, a discrete excision species that ran slightly ahead of the substrate DNA was evident in the reactions with Msh2-Msh6 whereas, in the AflIII reactions, a small amount of a discrete species migrating at or near the position of a single-stranded circular DNA marker was evident in the reactions with Msh2-Msh6. Excision reactions performed with an NaeI substrate lacking a mispair showed no stimulation of excision by Msh2-Msh6, indicating that a mispair was required for Msh2-Msh6-stimulated excision (Fig. 5B ). Other control experiments performed with the NaeI substrate showed that the excision reaction was eliminated by substituting the mispair binding defective Msh2-Msh6-F337A complex (40) for wild-type Msh2-Msh6 or by omitting Exo1 (Fig. 5C ) and that the extent of excision was not affected by the presence or absence of Mlh1-Pms1 (Fig. S1 ).
To demonstrate that the direction of excision was 5′ to 3′ from the nick, we took advantage of the inability of restriction endonucleases to cleave sites in single-stranded DNA (47) . Excision in the 5′-to-3′ direction past the +1 (+T) mispair in the NaeI substrate was monitored by loss of cleavage of an SacI site located 44 bp 3′ to the mispair (Figs. 1A and 5D ). In the absence of excision, double digestion with SacI and ScaI produced 1.1-and 1.8-kb species. In excision reactions containing Msh2-Msh6, full-length linear DNA was also generated due to resistance to cleavage by SacI. In the absence of Msh2-Msh6, this full-length linear DNA product was absent, indicating that excision did not reach the SacI site. Identical experiments were used to characterize the excision products formed with the AflIII substrate where the +1 (+T) mispair was located 2.48 kb 5′ of the nick at the AflIII site and 0.44 kb 3′ of the nick. Excision in the 5′-to-3′ direction from the AflIII site was following by monitoring digestion at the ScaI site 1.4 kb 3′ of the nick whereas 3′-to-5′ excision was monitored by digestion at the SacI site 0.4 kb 5′ from the nick (Figs. 1A  and 5E ). These experiments showed that some of the excision products formed in the reactions with Msh2-Msh6 had extended in the 5′-to-3′ direction past the ScaI site, rendering it resistant to digestion, resulting in the formation of ScaI-resistant circular DNA. In contrast, there appeared to be no excision in the 3′-to-5′ direction leading to the formation of SacI-resistant circular DNA.
The excision products formed in 3-h reactions with substrates containing a +1 (+T) mispair and nicks at either the NaeI or AflIII sites with or without Msh2-Msh6 were then characterized by electron microscopy using Escherichia coli single-stranded DNA binding protein (SSB) to stain the single-stranded regions of DNA. This analysis revealed a variety of molecules ranging from those lacking apparent single-stranded regions (no excision) to those lacking apparent double-stranded regions (complete excision) (Fig. 6A) ; however, note that double-stranded regions of fewer than ∼150 bp and single-stranded regions of fewer than ∼100 bp are likely not visible using this technique. The distribution of the lengths of the single-stranded regions formed in these reactions is plotted in Fig. 6B along with the position of the mispair in each substrate in the 5′ direction from the nick in the substrate. With both substrates, there were more molecules with excision tracts extending past the site of the mispair, as well as extending past the SacI site in the substrate containing the nick at the NaeI site or past the ScaI site in the substrate containing the nick at the AflIII site, in reactions containing Msh2-Msh6 compared with reactions lacking Msh2-Msh6. This distribution of excision products is consistent with the Msh2-Msh6 dependence of MMR observed (Figs. 1 and 3 ) and the electrophoretic and restriction digestion based analysis of the excision products (Fig. 5) . Fig. 2 . Reconstituted MMR reactions in vitro require the ability of Msh2-Msh6 to bind mispairs but not PCNA. Reconstituted mismatch repair of the +1 (+T) substrate containing a 5′ nick at the NaeI site was performed for 1 h as described in Fig. 1 . The presence or absence of Msh2-Msh6, the mispair binding defective Msh2-Msh6-F337A protein, and the PCNA binding defective Msh2-Msh6-Δ2-251 protein and the % repair are as indicated. MR, markers for repair products; MW, molecular weight markers.
MW MR -
AflIII +T Substrate
NaeI +T Substrate Fig . 3 . Repair of the +T substrate containing a 5′ nick at the NaeI site or a 3′ nick at the AflIII site in vitro requires Msh2-Msh6 or Msh2-Msh3, and Exo1, PCNA, RFC, RPA, and DNA polymerase δ but not Mlh1-Pms1. Repair of the indicated substrate in 3-h reactions was assayed by digestion with PstI and ScaI as indicated in Fig. 1 . The effect of omission of Exo1, Mlh1-Pms1, and Msh2-Msh6 or substitution of Msh2-Msh3 for Msh2-Msh6 is shown in A, and the effect of omission of RPA, PCNA, DNA polymerase δ, and RFC-Δ1N or substitution of RFC for RFC-Δ1N is shown in B. The * in B shows the position of a DNA species formed in the −PCNA, −DNA polymerase δ, and −RFC-Δ1N reactions with the AflIII substrate that has the same mobility as singlestranded pBluescript circular DNA. MR, markers for repair products; MW, molecular weight markers; N/A, no visible repair.
Discussion
A critical problem in understanding the mechanisms of MMR is linking insights into MMR mechanisms from genetics and cellbiology studies with biochemical studies of individual MMR proteins and reconstituted MMR reactions. In particular, this type of analysis would allow evaluating how well in vitro MMR reactions correspond to in vivo MMR reactions and facilitate reconstituting features of MMR that have thus far been observed only in vivo. Thus far, reconstitution approaches have been most successful for human MMR whereas analysis of MMR in vivo has been most advanced in S. cerevisiae. Consequently, because many human MMR proteins must be expressed using baculovirus or purified directly from mammalian cells (17, 22, 43, (47) (48) (49) and because human and S. cerevisiae MMR proteins are not completely homologous, it can potentially be difficult to evaluate insights from S. cerevisiae genetics in human MMR reconstitution studies. To overcome these barriers, in the present study, we have reconstituted nick-directed MMR reactions using S. cerevisiae proteins. Critical to these efforts has been the optimization of protein overproduction and purification to allow purification of proteins using plasmid-based overproduction in small volumes of cells to facilitate the investigation of mutant MMR proteins.
We observed that a mixture of Msh2-Msh6, Exo1, RPA, PCNA, RFC, and DNA polymerase δ would repair a mispaired phagemid substrate containing a +1 (+T) mispair and either 5′ strand interruption located 343 bp from the mispair or a 3′ strand interruption located 442 bp from the mispair. Msh2-Msh6, Exo1, PCNA, RFC, and DNA polymerase δ were absolutely required for repair whereas RPA was partially required and Msh2-Msh3 could substitute for Msh2-Msh6. The reactions were approximately linear for up to 3-4 h and could approach repair of 100% of the substrate DNA. The slow kinetics most likely reflects the rate of excision because multiple repair reactions occur per Exo1 molecule during the time course (∼11 NaeI substrates and ∼3 AflIII substrates repaired per Exo1) and higher levels of Exo1 are required to observe repair of the AflIII substrate that requires a much longer excision tract than repair of the NaeI substrate. The Msh6-F337A substitution that eliminates mispair recognition by Msh2-Msh6 (40) eliminated repair, demonstrating that the observed reaction was a true mispairdriven repair reaction rather than a nonspecific excision and resynthesis reaction. Eliminating the ability of Msh2-Msh6 to interact with PCNA had no affect on MMR in vitro even though PCNA was required for the complete repair reaction in vitro. This lack of a defect could reflect the fact that Exo1-dependent MMR does not require the Msh2-Msh6-PCNA interaction in vivo (1) and that the requirement for PCNA in the in vitro MMR reactions is most likely at the gap-filling step (17, 32, 34) . The ability to perform this type of genetic analysis in vitro demonstrates a key feature of the in vitro MMR system reported here and supports the view that the reconstituted reactions observed reflect some of the properties on MMR in vivo. Excision reactions performed with a substrate containing a 5′ nick at the NaeI site but lacking a mispair showing the absence of apparent excision products in reactions containing Msh2-Msh6. (C) Excision reactions performed with a +1 (+T) substrate containing a 5′ nick at the NaeI site where Msh2-Msh6 or Exo1 were omitted or the mispair binding defective Msh2-Msh6-F337A protein was substituted for Msh2-Msh6 showing that Msh2-Msh6, mispair binding, and Exo1 were required for the formation of excision products. (D) Analysis of excision products formed with the +T substrate with a 5′ nick at the NaeI site by digestion with SacI (Sa, 387 bp 5′ from the NaeI site) + ScaI (Sc, 2,156 bp 5′ from the NaeI site). The* indicates the full-length linear double-stranded DNA species seen in the presence of Msh2-Msh6. (E) Analysis of excision products formed with the +1 (+T) mispair 3′ nick AflIII substrate by digestion with SacI (Sa, 2,523 bp 5′ from the NaeI site) or ScaI (Sc, 1,371 bp 5′ from the AflIII site) or without digestion (UD). The • indicates the ScaI-resistant nicked circular double-stranded DNA species formed. The * indicates the full-length linear double-stranded DNA species. The + indicates a DNA species that migrates at the position of singlestranded pBluescript circular DNA. PM indicates 100 ng of unincubated substrate DNA digested with ScaI as a control for complete digestion.
The Msh2-Msh6 and Msh2-Msh3 mispair recognition complexes were essentially equally active in promoting MMR in vitro. Both complexes promoted the repair of two different basebase mispairs and three different insertion mispairs. Msh2-Msh6 promoted the repair of the +1 base insertion and TG mispairs to a greater extent than the +2 and +4 base insertion and CC mispairs whereas Msh2-Msh3 promoted the repair of the +2 and +4 base insertion mispairs to a greater extent than the +1 base insertion mispair and to an even greater extent than the TG and CC mispairs. The observed repair of the insertion mispairs parallels the results of genetic studies in S. cerevisiae indicating that Msh2-Msh6 and Msh2-Msh3 can repair +1 base insertion mispairs with relatively equal efficiency whereas repair of larger insertion mispairs is more dependent on Msh2-Msh3 than on Msh2-Msh6 (18, 44, 46) . The relatively efficient repair of the +2 and +4 base insertion mispairs by Msh2-Msh6 was greater than predicted from genetic studies but was similar to the efficient repair of large insertion mispairs promoted by human cell extracts complemented by either Msh2-Msh6 or Msh2-Msh3 (50) . The observation that Msh2-Msh3 could promote repair of TG and CC mispairs and that Msh2-Msh6 could promote repair of TG and to a lesser extent CC mispairs is consistent with genetic studies that have indicated that Msh2-Msh3 can repair some base-base mispairs in vivo (46) ; note that inefficient repair of a TG mispair mediated by human Msh2-Msh3 has been observed in a reconstituted MMR system (16) . Interestingly, the relative differences between the efficiency of repair of the different mispairs was less than might be predicted from the results of genetic studies of MMR in S. cerevisiae, suggesting that mispair affinity may not be rate-limiting in MMR reactions in vitro and that other features of MMR in vivo, such as sequence context affects (51, 52) , may determine the efficiency of repair of different mispairs in vivo.
In the absence of DNA polymerase δ as well as other proteins required for DNA synthesis (RFC or PCNA), an excision reaction was observed. This excision reaction required Exo1 and was stimulated by both a mispair and Msh2-Msh6, where mispair binding by Msh2-Msh6 was required for stimulating excision. Strikingly, the excision tracts observed were very long, as long as 1,750 bp in reactions with the substrate containing a nick at the NaeI site and 2,900 bp with the substrate containing a nick at the AflIII site, which approximates the length of MMR excision tracts predicted from genetic studies of gene conversion (12, 53) . The electron microscopy experiments indicated that the length of the longest excision tract was threefold longer in the presence of Msh2-Msh6. These excision tract lengths were much longer than seen in human excision reactions in vitro (16, 47) even though the reactions described here used less Exo1 (20% and 80% of the amount of Exo1 used in human MMR reactions for the substrate containing a nick at the NaeI site and at the AflIII site, respectively) than used in human excision reactions (16, 17) . Although these differences could reflect the longer incubations used here, it is also possible that human Exo1 is less active than S. cerevisiae Exo1. In contrast to the results of one study of excision by human MMR proteins that Mlh1-Pms2 promotes termination of excision (16), Mlh1-Pms1 did not appear to have any effect on excision, and, even in the presence of Mlh1-Pms1, mispair-stimulated excision could extend well past the mispair. These results raise the possibility that, in the S. cerevisiae system, termination of excision may involve some type of competition between excision and the DNA synthesis machinery or coupling of excision to the DNA synthesis machinery.
The lack of an Mlh1-Pms1 requirement in the S. cerevisiae system, even though our Mlh1-Pms1 preparations are fully active for RFC-PCNA-dependent endonuclease activity (45) , conflicted with the results of some human MMR studies where an Mlh1-Pms2 endonuclease-dependent MMR reaction can occur (17) . The most likely explanations for this lack of an Mlh1-Pms1 requirement are that the Mlh1-Pms1 endonuclease is not active under the reaction conditions used here or that the potent 5′ excision-based MMR reaction seen with the AflIII substrate containing a 3′ nick outcompetes any Mlh1-Pms1 endonucleasedependent reaction. However, recent studies have indicated that S. cerevisiae Exo1-dependent MMR is not nearly as dependent on the Mlh1-Pms1 endonuclease as Exo1-independent MMR is (1, 39) , suggesting that additional components or different reaction conditions may be required for an Mlh1-Pms1-dependent reaction in vitro. Establishing an Mlh1-Pms1-dependent reaction in vitro remains a key challenge for the S. cerevisiae system.
Materials and Methods
Protein Purification. The proteins used in the described studies were expressed in either E. coli or S. cerevisiae as described in SI Materials and Methods. Yields ranged from 100 μg to 500 μg per L of expressing cells. All of the protein preparations were confirmed to be greater than 95% pure by SDS/ PAGE followed by staining the gels with Coomassie Blue.
DNA Substrates. DNA substrates were constructed by annealing the combinations of mutant single-stranded circular pBluescript SK+ DNAs and linearized, denatured mutant double-stranded pBluescript SK+ DNAs indicated in Fig. 1 . The methods used for this purpose are described in SI Materials and Methods.
Repair Assays. MMR assays were based on modification of previously published procedures (16, 17, 35, 54) . Proteins were diluted if necessary with 7.5 mM Hepes, pH 7. 2 μL of 100 ng/μL NaeI substrate and 10 μL of 33 mM Tris, pH 7.6, 75 mM KCl, 2.5 mM ATP, 1.66 mM Glutathione, 8.3 mM MgCl 2 , 80 μg/mL BSA, and 200 μM each of the dNTPs. The reactions, containing 118 mM KCL, were then incubated at 30°C. After 1-4 h, 500 mM EDTA was added to a concentration of 20 mM followed by the addition of 40 μL of 360 μg/mL proteinase K and 0.4 mg/mL glycogen. Reactions were then incubated at 55°C for 30 min. The DNA products were then purified by phenol extraction and ethanol precipitation and were digested with 5 units each of PstI and ScaI for 1 h at 37°C. The DNA products were then separated by electrophoresis on a 0.8% agarose gel run in Tris-Acetate-EDTA buffer (BioRad) containing 0.6 μg/mL ethidium bromide, and the gels were photographed using a BioRad ChemiDoc XP imaging system and Image Lab software, version 4.1. The MMR assays containing the AflIII substrate were modified by increasing the amount of Exo1 in each assay to 33.6 fmol. The excision assays used the same protocol as the MMR assays except that the DNA Polymerase δ was omitted and DNA products were analyzed by agarose gel electrophoresis either without or after digestion with ScaI, SacI, or both ScaI and SacI, as indicated. For the undigested excision products generated with the AflIII substrate, Sybr Green I (Invitrogen) was used to stain the DNA in the agarose gels. The method for visualizing the excision products by electron microscopy is described in SI Materials and Methods.
